The kinetics of sulfate reduction and cell densities of sulfate-reducing bacteria (SRB) were determined in activated sludge at Aalborg East wastewater treatment plant, a modern 100 000 person equivalent plant, where SRB are subjected to alternating cycles of oxic and anoxic conditions. The number of SRB was relatively constant over the year, ranging from 2.1U10 5 to 1.1U10 6 cells ml 31 as determined by 35 S-radiotracer most probable number (MPN) in a growth medium prepared from anaerobic, sterilized sludge. Under anoxic conditions, the sulfide production in the activated sludge followed a biphasic pattern, being linear for approximately 5 h, followed by an exponential phase with doubling times of sulfide production of 4.2^12.6 h. Sulfate reduction started immediately after the onset of the anoxic cycle. Addition of antibiotics (chloramphenicol and streptomycin) to the activated sludge prevented the exponential phase of sulfate reduction for up to 100 h and this treatment was found to yield precise estimates of potential sulfate reduction rates. The addition of sulfate, sodium dithionite or single carbon compounds (lactate, acetate and glucose) did not decrease the length of the linear phase of sulfate reduction, nor did it affect the sulfate reduction rate. Our results indicate a tight and efficient metabolic coupling between populations of SRB and fermenting bacteria in activated sludge and a high capacity for sulfate reduction in sludge stored in settling tanks. Bacterial sulfate reduction may therefore be an important process in the destabilization of the floc structure when activated sludge is stored anaerobically for several days prior to dewatering.
Introduction
Sulfate-reducing bacteria (SRB) are functionally important in many anoxic environments, especially in sulfaterich marine and estuarine sediments, where they play a major role in the anaerobic degradation of organic matter [1^3] . SRB may also contribute signi¢cantly to anaerobic carbon mineralization in low-sulfate environments such as freshwater habitats [4^10] , but little information is available concerning their activity in activated sludge.
Recently, several studies have reported on the presence of fairly high numbers of SRB in the activated sludge of wastewater treatment plants (WWTPs), which undergo oxic and anoxic cycling [11^13]. Schramm et al. [13] were unable to detect sulfate reduction in the activated sludge from four WWTPs by means of batch incubations, using the 35 S-tracer technique or microsensor measurements. According to these authors, SRB were unable to grow and multiply in aerated activated sludge, their presence being dependent on a continuous re-inoculation from several sources such as the sewer, wall bio¢lm or return sludge from settling tanks and anaerobic digesters. In the same study, SRB were detected in all four WWTPs by £uorescence in situ hybridization (FISH) at densities corresponding to 3^5% of the total 4,6-diamino-2-phenylindole (DAPI)-staining cells. However, polymerase chain reaction (PCR) ampli¢cation of dissimilatory sul¢te reductase (DSR) gene fragments from the same samples only detected the presence of SRB in two of the four WWTPs investigated. Using a range of 16S rRNA targeting probes, Manz et al. [12] detected and di¡erentiated SRB from the two families Desulfovibrionaceae and Desulfobacteriaceae within both the anaerobic and aerobic zones of the activated sludge treatment process and estimated that SRB constituted between 0.5 and 8% of the total cell counts. Sulfate reduction rates were not measured in this study. Although Lens et al. [11] detected both sulfate reduction and the presence of SRB and methanogenic bacteria in some activated sludge systems, De Beer and coworkers [14] were not able to detect sulfate reduction with the 35 S-tracer technique in activated sludge from WWTPs in Germany and the Czech Republic, despite the presence of low numbers of SRB as evidenced by FISH.
As previously reported, the metabolic activity of Fe(III)-reducing bacteria and SRB may cause disintegration of sludge £ocs and the release of phosphorous into the bulk water [15^17] . Sul¢de produced by SRB may cause a destabilization of sludge particles due to the chemical reduction of Fe(III) to Fe(II) by sul¢de. De£occulation is highly undesirable since it may seriously a¡ect the treating e⁄ciency and economics of plant operation. Sul¢de produced by sulfate reduction may also cause corrosion within the plant when it is subsequently oxidized to sulfuric acid by chemical and biological processes [18] .
The current knowledge on the metabolic activity and the interactions of SRB in activated sludge is scarce. Due to the aeration cycles applied, activated sludge is probably not a favorable environment for SRB. However, recent studies have shown that many SRB are very tolerant towards oxygen, which even may be used by some strains as an electron acceptor for adenosine triphosphate (ATP) generation [19^21] . The oxygen tolerance of SRB and their ability to obtain energy by fermentation reactions and by the reduction of a wide range of alternative electron acceptors (including NO The present study was undertaken in order to investigate the kinetics of sulfate reduction in a modern WWTP during short-and long-term exposure to anoxic conditions. One major aim was to address whether SRB would be metabolically active during the relatively short recurring periods of anoxia during plant operation. Furthermore, an improved method for estimating initial rates of the sulfate-reducing potential of activated sludge was developed and tested.
Materials and methods

Activated sludge samples
Activated sludge samples were collected from the aeration tanks of the Aalborg East (AE) WWTP, an advanced activated sludge plant, which mainly receives domestic wastewater. This 100 000 person equivalent plant operates according to the BioDeniPho method for biological N and P removal, with additional chemical P removal by addition of FeSO 4 . The sludge age varies from 25 to 30 days. The system operates with an initial anaerobic period of 3 h, followed by alternating oxic (3^4 h) and anoxic (2^3 h) cycles. Activated sludge was collected during the oxic cycles to ensure proper mixing of the sludge and stored in 1-l sterile plastic bottles ¢lled to capacity. Fresh activated sludge was collected before each experiment and transported (less than 1.5 h) to the laboratory on ice. Sludge samples were vigorously shaken by hand to resuspend the £ocs prior to being subsampled for experiments (see below). The pH of the activated sludge was 7.0 þ 0.1. [22] . Strictly anaerobic and aseptic conditions were maintained throughout the tracer experiments. The anaerobic techniques used were the syringe methods of Macy et al. [23] , applying oxygen-free nitrogen gas. Concentrated stock solutions were prepared, sterilized and stored in serum vials with an N 2 gas phase.
For tracer experiments, aliquots (usually 40^60 ml) of resuspended activated sludge were dispensed into infusion bottles of 100 ml capacity during constant gassing with N 2 . The infusion bottles were capped with butyl rubber stoppers and the headspace £ushed with oxygen-free nitrogen gas. The bottles were subsequently pre-incubated at 20 ‡C for 1 h in the dark, with shaking at 100 rpm to ensure temperature equilibrium and complete anoxic conditions. Tracer incubations were, unless stated otherwise, initiated by injecting carrier-free 35 SO 23 4 (Isotope Laboratory, RisÖ, Denmark) at a ¢nal concentration of 120 kBq per ml of sludge, and incubated at 20 ‡C in the dark at 100 rpm. During incubation, subsamples (0.3 ml) were removed anaerobically from each bottle via a syringe and immediately injected into plastic tubes containing 2 ml of 20% (wt/vol) zinc acetate and 0.1 ml of 50 mM ZnS in order to stop the biological activity and preserve reduced sul¢des. Experimental bottles were vigorously shaken by hand to assure complete mixing prior to sampling. Fixed samples were stored at 320 ‡C until used for recovery of reduced 35 S-sulfur by distillation (see below). For each tracer incubation, the initial sulfate concentration was determined in sludge subsamples devoid of tracer. The samples were centrifuged for 10 min at 13 000 rpm (11 340Ug) , and the supernatants subsequently ¢ltered (0.2 Wm) and stored at 320 ‡C until analysis. Sulfate analysis was performed on thawed, ¢ltered supernatants by suppressed ion chromatography as described by Bak et al. [24] . Some experiments (Fig. 4) were conducted with concentrated sludge (approximately 1:1 vol:vol). Concentrated activated sludge was prepared by gravity settling in a graduated glass cylinder.
E¡ects of physicochemical parameters
The e¡ects of various physicochemical parameters on the sulfate reduction activity in sludge were studied in a series of experiments. Unless stated otherwise, the experiments were conducted with 60 ml sludge sample in 100-ml capacity infusion bottles. All incubations (Sections 2.3.12 .3.4) were amended with 1 mM K 2 SO 4 in order to avoid sulfate limitation of sulfate reduction during the ¢rst days of incubation.
All treatments and controls were incubated in triplicate or duplicate for 100 h.
E¡ects of temperature and sludge concentration
The e¡ects of temperature and sludge concentration on the sulfate reduction rate was studied by incubating native sludge at 5 and 20 ‡C and concentrated sludge (approximately 1:1 vol:vol) at 20 ‡C.
E¡ects of adding dithionite, antibiotics and carbon
source mix Sodium dithionite (Na 2 S 2 O 4 ) was added to a ¢nal concentration of 500 WM. The antibiotics chloramphenicol and streptomycin were added at ¢nal concentrations of 20 and 100 mg l 31 , respectively. Finally, activated sludge samples were supplemented with a carbon mix containing acetate, formate, lactate, pyruvate (all as sodium salts) and ethanol at a ¢nal concentration of 2 mM each. All incubations were carried out in triplicate, including the controls (unamended sludge).
E¡ects of adding single carbon sources
This experiment was conducted using concentrated sludge (1:1 vol:vol). Individual carbon sources (D-glucose, sodium lactate and sodium acetate) were added at 20 mM ¢nal concentration, respectively.
E¡ects of adding di¡erent concentrations of glucose
Glucose was added at four concentrations (1, 5, 10 and 20 mM) to 50 ml of activated sludge in infusion bottles. Two additional experimental £asks containing 35 S-tracer were injected with 20 mM glucose after 24 h of incubation. The pH was measured in time by sampling of two control bottles (without 35 S-tracer)^one of these bottles was injected with 20 mM glucose at t = 0 h and the other at t = 24 h (i.e. 24 h after the start of incubation). Incubation was at 30 ‡C in the dark for 50 h with shaking (50 rpm).
35 S-tracer most probable number (MPN) enumeration of SRB in activated sludge
Sludge medium for 35 S-tracer enumeration of SRB was prepared as described by Vester and Ingvorsen [22] , except for a few modi¢cations. The modi¢cations included the use of concentrated sludge (approximately 1:1 vol:vol) as enumeration medium and the increase of the ¢nal concentration of sodium dithionite to 460 WM. Enumeration of SRB in activated sludge samples was carried out by making triplicate 10-fold MPN dilutions in sludge medium. In an attempt to increase the recovery of SRB, another MPN enumeration of the same sample was carried out in sludge medium amended with a mixture of common electron donors used by SRB. Substrateamended MPN tubes contained 2 mM of each of the following carbon sources : acetate, formate, pyruvate, lactate (added as sodium salts) and ethanol. All tubes were incubated at 20 ‡C in inverted position in order to reduce di¡u-sional exchange of gasses through the stoppers. After 54 days of incubation, subsamples (0.5 ml) were removed from each tube via a syringe and injected into 2 ml of 20% (w/v) zinc acetate as described above.
The amount of reduced 35 S-sulfur in the subsamples from the MPN tubes was determined by the single-step chromium reduction method described by Fossing and JÖrgensen [25] . The detection limit for sulfate reduction and thus for the presence of SRB in an MPN tube was set at 0.1% Tris [22] . Population densities as 'MPN' and con¢dence levels were determined using statistical MPN tables [26] .
Suspended solids (SS) and volatile suspended solids (VSS)
SS and VSS were determined according to standard methods (APHA) [26] . The SS ranged from 5.80 to 1.10 g l 31 , and the VSS varied from 21 to 66% of SS.
Statistics
Statistical analyses were performed on treatments and controls by one-way ANOVA (analysis of variance). In sludge amended with chloramphenicol and streptomycin, the sulfate reduction was linear throughout the 100 h incubation period. In contrast, a biphasic pattern of sulfate reduction was observed in the controls as depicted in Fig. 1 . Thus, in the absence of antibiotics, bacterial sulfate reduction proceeded linearly for the ¢rst 4^5 h of incubation, followed by an exponential phase. Statistical analysis of the experimental data veri¢ed that the initial rates (0^5 h) of sulfate reduction in controls and antibiotics-amended sludge were similar. Assuming that the observed exponential increase in sulfate reduction after 5^6 h of incubation is due to SRB cell growth, 'apparent' in situ growth rates (W) of 0.06^0.17 h 31 and doubling times (T d ) of 4.2^12.6 h for the responding SRB in the sludge can be calculated.
Results
Enumeration of SRB in the activated sludge using 35 S-tracer MPN
Additions of reducing agent and electron donors
As shown in Fig. 1 , sulfate reduction started almost immediately and proceeded at a constant rate for the ¢rst 5^6 h of incubation until the start of the exponential phase. This biphasic pattern of sul¢de production was usually observed with activated sludge from other WWTPs and also in sludge samples from the AE WWTP, which were pre-incubated for 0.5 h under aerobic conditions (unpublished ¢ndings).
A number of experiments was carried out in order to test whether the relatively long linear phase of sulfate reduction could be due to either a low redox potential or low and limiting concentrations of electron donors in the sludge, which was always sampled during the oxic cycles of the activated sludge process.
Addition of the reducing agent sodium dithionite did not reduce the length of the linear phase, which indicated that a high and unfavorable redox potential was probably not the cause of the delayed exponential phase observed (Fig. 1) .
The metabolic response of the SRB in the activated sludge to additions of di¡erent potential electron donors varied considerably. Addition of lactate and acetate had no signi¢cant e¡ect on the initial sulfate-reducing activity of the sludge as compared to the controls (Fig. 2) .
Previously, we observed that addition of hydrogen had no statistically signi¢cant e¡ect on sulfate reduction (data not shown). In contrast, the addition of the carbon mix (containing lactate and acetate and four additional electron donors used by many SRB (see above)) caused an 18% increase in sulfate reduction rate during the ¢rst 5 h of incubation (results not shown). Furthermore, the addi- tion of the carbon mix resulted in an earlier onset (by approximately 3 h) of the exponential sulfate reduction phase, but calculated doubling times (5^30 h time interval) were not signi¢cantly di¡erent (data not shown). As shown in Fig. 2 , the sulfate reduction in the activated sludge was strongly inhibited by the addition of 20 mM glucose (see below). During the ¢rst 6 h of incubation, the sulfate reduction rate was not a¡ected by glucose additions of 1, 5 or 10 mM (Fig. 3) . While only a few described species of the SRB are able to use glucose as an electron donor, a wide range of potential SRB substrates is readily produced from glucose by the metabolism of fermentative bacteria in the sludge. However, addition of 20 mM glucose caused a rapid inhibition of sulfate reduction (Fig. 3A) , as also observed in a previous experiment (Fig. 2) . When sludge samples were amended with 5 mM glucose, the onset of the exponential sulfate reduction phase was prolonged to about 20 h. Sulfate reduction in sludge samples amended with 10 mM glucose still increased linearly after 50 h of incubation and did not enter the exponential phase during the 100 h of incubation (Fig. 3) . Sulfate reduction was completely inhibited within a few hours when 20 mM glucose was added after 24 h of incubation and did not resume during the remaining 26 h of incubation (Fig. 3A) . Addition of 20 mM glucose to activated sludge caused a marked decrease in pH to about 5.5 after 50 h of incubation ; less decreased pH values (pH approximately 6.0) were measured in sludge supplemented with 10 mM glucose. Controls and samples amended with 1 and 5 mM of glucose all had pH values around 7 at the end of the experiment, as shown in Fig. 3 . Sludge incubations, which received 10 and 20 mM glucose, gradually changed color from black to yellowb rown during incubation, probably due to a pH-induced dissolution of black iron sul¢de compounds initially present in the sludge.
Response to temperature
The e¡ect of temperature on sulfate reduction in activated sludge from the AE WWTP was investigated by incubation of sludge samples at 5 and 20 ‡C (Fig. 4) . At 20 ‡C, sulfate reduction entered the exponential phase after approximately 6 h of incubation. As expected, the reduction rate was higher (approximately 41%) in concentrated sludge (approximately 1:1 vol:vol) incubated at the same temperature. However, doubling times calculated from the exponential sulfate reduction curves obtained later in this experiment did not di¡er signi¢cantly (Fig. 4A) . The sulfate reduction rate measured at 5 ‡C was low (in situ temperature £uctuates yearly between approximately 3 and 20 ‡C), but sulfate reduction at this low temperature became exponential after about 20 h of incubation, indicating the presence of a cold-adapted SRB population in the sludge. After 100 h of incubation, 4% of the sulfate pool had been reduced to hydrogen sul¢de (Fig. 4B). 3.2.4. Cell-speci¢c rates of sulfate reduction in activated sludge Using sulfate reduction rates measured in various controls during the ¢rst 5 h of incubation and an MPN count of SRB of 7.5U10 5 cells ml 31 (mean of three independent MPN enumerations), average speci¢c sulfate reduction values ranging from 6.4U10 315 to 7.7U10 314 mol SO 23 4 cell 31 day 31 were calculated for the mixed SRB population in activated sludge from the AE WWTP.
Discussion
In freshly aerated activated sludge from the AE WWTP, sulfate reduction proceeded almost immediately after anaerobic incubation, following a biphasic pattern (Figs. 1, 3  and 4) . Apparently, the initial low rate of sulfate reduction (the linear phase) was not caused by a high and unfavorable redox potential established during the previous aeration period, since addition of the reducing compound sodium dithionite did not shorten the duration of the linear phase. In the AE WWTP, both oxygen and nitrate are completely consumed within less than 1 h after the cessation of aeration. Therefore, substrate competition with aerobic and denitrifying bacteria is not likely to be the cause either, since the linear phase of low sulfate reduction normally lasted for at least 5 h. Substrate competition with Fe(III)-reducing bacteria which are abundant in some activated sludge systems could be another explanation [27, 28] . Elemental sulfur and other oxidized inorganic sulfur compounds could be present in the anoxic sludge as a result of chemical and biological sul¢de oxidation processes taking place during oxic periods. These electron acceptors may be used preferentially or simultaneously with sulfate by SRB, resulting in a decrease in the initial sulfate reduction rate. Furthermore, a large number of non-SRB anaerobes are able to reduce e.g. thiosulfate, and these bacteria in theory could compete with SRB for both electron donors and electron acceptors.
Most SRB are unable to degrade high molecular mass compounds and depend on fermentation products for their metabolism [1, 18, 29] . It is likely that the concentration of fermentation products £uctuates considerably in activated sludge, being lowest at the end of the oxic period. Recent studies have shown acetate-and lactate-oxidizing SRB to be numerically important in some wastewater systems [11, 30, 31] . Since sulfate reduction was a¡ected neither by lactate nor by acetate addition and only slightly stimulated by addition of a carbon mix, substrate limitation is probably not the major cause of the low initial rates of sulfate reduction observed after the cessation of aeration. Addition of hydrogen, although an important substrate for SRB, did not increase sulfate reduction.
Addition of 20 mM of glucose strongly repressed sulfate reduction (Figs. 2 and 3A) and was accompanied by a pH drop from 7.0 to about 5.5, a pH inhibitory to most SRB [29] . Although glucose is not metabolized by most known SRB [1, 29] , it can be fermented to yield hydrogen and a wide range of low molecular compounds, which could serve as electron donors for SRB. The souring of the sludge indicates the presence of active populations of fermenting bacteria, producing acid metabolites at a rate which exceeds their rate of consumption by SRB, Fe(III) reducers and methanogens. Calculations show that SRB in the AE WWTP sludge constitute only about 0.03^1% of the total bacterial population (see below) and thus, apparently, are easily overloaded with acid substrates when the (presumably much larger) population of fermenting bacteria is stimulated by the addition of glucose.
The sulfate reduction rate in the AE WWTP was not stimulated when the in situ sulfate concentration was increased (results not shown). This ¢nding agrees with those obtained in other studies, employing in vitro incubations of activated sludge or freshwater sediment and bio¢lms [4, 7, 11, 32, 33] and with published half-saturation constants (K m ) for sulfate uptake of 5^30 WM, determined for freshwater strains of SRB [5, 9, 34] .
MPN counts indicated a fairly constant population of SRB (2.1U10 5 to 1.1U10 6 cells ml 31 ) in the AE activated sludge throughout the year (Table 1) . Despite the use of a natural medium improving the recovery of SRB from environmental samples [22, 35] , the actual population size of SRB is inherently underestimated by MPN counting techniques, due to clumping of the cells and aggregation on the sludge £ocs. Higher MPN estimates (5^9-fold) were obtained after homogenization by syringe disruption [36] or in a glass tissue grinder (Potter tube), but samples thus treated still contained large £ocs (approximately 100^300 Wm in length/diameter; Stobbe, Urup Kjeldsen and Ingvorsen; unpublished results) and presumably some microcolonies. Nielsen and Nielsen [37] , using DAPI counts, reported total bacterial numbers of 2.4U10 9 ml 31 in the AE WWTP activated sludge, indicating that SRB constitute at least 0.03% (using our highest MPN estimate) of the total bacterial population. Assuming a 20-fold underestimation due to cell clumping and aggregation on sludge particles, SRB densities could constitute approximately 1% of the total bacterial community. This is in accordance with the values of 0.5^8% reported by Manz et al. [12] , using FISH. In a recent study conducted at the AE WWTP, SRB densities of 3^6U10 6 23 4 cell 31 day 31 ) were found by Sahm et al. [40] in a coastal marine sediment. However, comparison of calculated cell-speci¢c sulfate reduction rates with those obtained from exponentially growing pure cultures may not always be informative due to large errors in estimating cell densities in environmental samples. Furthermore, it is unlikely that a large fraction of the total SRB population in a complex microbial community expresses exponential metabolic activity.
The present study shows that the initial sulfate reduction rates in activated sludge (i.e. the initial constant rate of sulfate reduction expressed immediately after a shift from oxic to anoxic conditions) are low (Table 1 ) and can only be precisely estimated using a sensitive 35 S-radiotracer technique and not by chemical measurements of changes in sul¢de or sulfate concentrations. Addition of protein synthesis inhibitor antibiotics to the sludge elongates the linear phase of sulfate reduction (Fig. 1) , an e¡ect also observed in other activated sludge plants (Urup Kjeldsen and Ingvorsen, unpublished ¢ndings). The mechanism(s) behind such kinetics is not clear. Assuming complete inhibition of protein synthesis, the zeroorder kinetics of sulfate reduction observed (Fig. 1B) indicates a constant speci¢c activity of the enzymes involved in dissimilatory sulfate reduction (i.e. no endogenous degradation of enzymes), an unlikely event within the 100 h incubation period.
The exponential development of sul¢de production in incubations without antibiotics could be ascribed to several mechanisms : (1) an increase in total cell numbers, (2) an increase in the ribosomal content of individual cells, (3) reactivation of some biochemical pathways damaged during the aeration phase, or (4) reactivation of 'dormant' cells. Doubling times of sul¢de production varied from 4 to 13 h and are comparable to doubling times measured in pure cultures of SRB [9, 41, 42] . However, it remains to be shown that SRB are able to express exponential growth in situ in activated sludge. The exponential increase in sul¢de production nevertheless indicates a tight and e⁄cient metabolic coupling between fermenting bacteria and SRB in activated sludge. Assuming a cell yield coe⁄cient Y SO4 of 4 g cell dry weight (cdw) per mol of sulfate consumed as reported for Desulfovibrio [43, 44] and an average cell mass of 2.8U10 313 g cdw per SRB cell, a complete consumption of 1 mM sulfate (in situ concentration in the AE WWTP) could theoretically result in a maximum de novo production of 1U10 7 cells ml 31 . This roughly corresponds to a doubling of the initial population, an increase which would be impossible to detect by MPN counting or molecular techniques. Cell yield coe⁄cients greatly vary [44] and therefore the theoretical increase in cell numbers as calculated above represents an unrealistically high cell yield for SRB exposed to oxygen stress in activated sludge.
A number of studies have demonstrated that the stability of sludge £ocs decreases during anoxic conditions and is highly correlated to the content of oxidized iron. The reduction of Fe(III) to Fe(II), directly by microbial respiratory processes or indirectly by reaction with sul¢de, was shown to have a strong negative e¡ect on the strength of sludge £ocs [15^17,45] . Reduced £oc stability results in de£occulation and impairment of the sedimentation and dewatering properties of the sludge. According to laboratory studies, sul¢de concentrations s 1 mM are necessary in order to e¡ect a signi¢cant disintegration of sludge £ocs [16] . Due to the low amounts of sul¢de produced during the ¢rst 5^10 h of anoxia (cf. Figs. 1, 2 and 4) , SRB are unlikely to play an important role in the de£occulation of sludge particles in the aeration tanks at the AE WWTP, operating with anoxic cycles of 2^4 h. However, activated sludge is often stored in sedimentation tanks for several days prior to dewatering. In sedimented sludge, production of millimolar concentrations of sul¢de could occur in less than 48 h. The storage of sludge in sedimentation tanks for a couple of days could e¡ect a signi¢cant de£oc-culation of sludge particles.
